The genome of a cell contains two major types of information. The coding regions specify amino acid sequences of the cognate proteins, whereas the promoter and enhancer elements control when and where these genes will be expressed. Unlike the genetic code, our understanding of transcriptional regulation is far from complete: knowledge of a genome sequence alone is insufficient to predict its transcriptome. Major determinants of the transcriptional program of the cell are transcription factors (TFs), sequence-specific DNA-binding proteins and histone octamers, which are necessary to condense DNA so it can be packaged within the nucleus. Since TFs and histones are the most abundant classes of DNA-binding proteins in the cell, it has been suggested for many years that their interplay may be important in determining the transcriptome. Indeed, detailed studies of individual TFs, notably heat shock and temperature-responsive proteins, specificities of yeast TFs and histones influence their actual binding positions in a population of cells. 4 Fortunately, there are extensive data, determined in vitro, for the intrinsic binding sequences for many yeast TFs. The majority of these TFs show a high correlation of their preferred DNA sequences with histone footprints (termed "histone-correlated" group, HC), indicating that for these HC TFs to function in the cell, they must compete with and displace nucleosomes to bind their cognate sites.
A second class of TFs are the "histone-anti-correlated" group, HA, which intrinsically prefer non-overlapping binding sites to histones. Since TFs of the HA class do not need to displace nucleosomes, it was predicted that in vitro determined nucleosome positions around the binding sites of the HA class should match actual nucleosome positions in the cell closely, as compared with the HC class. This is indeed the case, since the difference in proportions of nucleosome-enriched TF-binding sites, based on nucleosome occupancy determined in vitro compared with in vivo, is significantly larger for the HC TFs. HC TFs therefore change the chromatin landscape by displacing nucleosomes when they bind their target sites, causing a difference between in vitro determined histone occupancy and in vivo data (Fig. 1) .
This finding raised the question of whether there is a functional significance associated with TFs having these opposite effects on chromatin structure. Strikingly, analysis of high-throughput experimental data revealed that TFs with preferred recognition sequences similar to histones are frequently associated with gene activation. Our global analysis supports earlier detailed studies for individual TFs, suggesting that activators compete with histones, and induce nucleosome disruption/ repositioning upon their binding to DNA in living cells. 5, 6 Opening of chromatin structure is predicted to facilitate transcription by allowing access of RNA PolII. It is worth noting, however, that we did not find a statistically significant direct association between the HC group and activators per se. This could be because the functional regulatory modes (activator or repressor) have only been verified for about two-thirds of the TFs in our data set.
Apart from the distinct modes of interplay between different types of TFs and nucleosomes, 4 earlier studies have documented the influences of other promoter features on transcriptional regulation, including different histone architecture 3 and cooperativity of multiple TF-binding sites within close proximity. 7 Our recent analysis confirms previous findings that co-binding of multiple TFs within close proximity can yield combinatorial effects in lowering the nucleosome occupancy around the co-occurring TF-binding sites.
We observed a higher level of histone depletion around co-occurring TF-binding sites, especially within clusters of multiple HC TF-binding sites, or TF-binding sites that match strongly to the consensus motif, as compared with isolated binding sites (Fig. 1) . Consequently, this might promote accessibility of binding sites in proximity and help fine-tuning the reduction of nucleosome occupancy in wild-type and histone-depleted yeast strains. 10 The greater difference in nucleosome occupancy between the two strains is expected at the binding sites of HC/ activators, as compared with HA/repressors. Transcriptional regulation occurs in a chromatin context, and so understanding the underlying rules of how TFs and histones interact is of key importance. Recent advances in cataloging the functional elements of the human genome 11 will help extend these studies to multicellular eukaryotes.
transcriptional rate of genes in response to changes in environmental conditions. 8 Combinatorial binding of eukaryotic TFs might be employed to increase affinity and specificity and, thus, help minimize non-functional binding. 9 It may also be used to compensate the loss in binding strength of the sites, which are less similar to consensus motifs. 7 In addition to genome-wide principles for the interplay between DNA sequence, histone occupancy and TF binding in the regulation of gene expression, our computational analysis generates a direct testable prediction that HC/activators should compete with nucleosomal histones and, thus, cause greater changes in nucleosome organization at increased concentrations than HA/repressors. Alternatively, this hypothesis can also be comprehensively assessed by comparing Figure 1 . summary of in vitro and in vivo tf and nucleosome-binding landscapes. Based on tf and nucleosome intrinsic (in vitro) preferences, only the binding sites of Ha and only very strong HC should be accessible. in the yPD growth medium (in vivo), however, nucleosomes can be disrupted/ repositioned from their "preferred" DNa sequences upon the binding of HC tfs. Lower nucleosome occupancy is observed over clusters of multiple tf-binding sites, especially the sites bound by HC tfs and those that match strongly with consensus motifs. this results in more binding sites becoming accessible and a concomitant increase in gene expression.
